Purpose: Genome editing holds both tremendous therapeutic promise and significant potential risk. Sickle cell disease (SCD), the most commonly inherited blood disorder, is a frontline candidate for the clinical applications of this tool. However, there is limited knowledge of patient community values and concerns regarding this new technology. This study aims to investigate the perspectives of three key decision-makers (patients, parents, and physicians) toward participation in future CRISPR-mediated somatic genome editing clinical trials.
INTRODUCTION
One of the first targets of CRISPR-mediated somatic genome editing will likely be sickle cell disease (SCD, OMIM 603903). [1] [2] [3] [4] [5] [6] SCD affects millions of people, particularly those in regions where malaria is highly prevalent, such as sub-Saharan Africa, India, and the Mediterranean. 7, 8 SCD is caused by a single pathogenic variation (A→T) in the sixth codon of the β-globin gene. Affected individuals inherit two abnormal copies of the gene, resulting in the production of malformed hemoglobin. This diminishes the oxygen carrying capacity of erythrocytes, resulting in medical complications, including pain crises, strokes, pulmonary hypertension, leg ulcers, priapism, and acute chest syndrome. [7] [8] [9] Despite being identified over a century ago and posing a significant global health burden, those living with SCD have limited treatments available to them. 9, 10 Hematopoietic stem cell transplantation (HSCT) remains the only nonexperimental cure for SCD. 11, 12 However, while the event-free survival rate of HSCT exceeds 90%, few patients can access this curative therapy due in part to stringent eligibility criteria. 11, 12 Further, while the life expectancy of the general adult SCD population has increased over the past 40 years, premature death continues. 8, 9 Because SCD is a well-studied molecular disorder impacting the blood system, it comprises an ideal candidate for gene editing therapies, with different approaches under current investigation. One mechanism involves promoting fetal hemoglobin (HbF) levels, which can reduce the disease's severity by inhibiting HbS polymerization. 5, 7, 13 However, HbF expression is typically suppressed after birth. 13 Genome editing can be used to deactivate the B-cell lymphoma/ leukemia 11A (BCL11A) transcription factor promoter, allowing HbF to persist. 5, 13 Other researchers have displayed proof of principle success in removing hematopoietic stem and progenitor cells (HSPC) from the bone marrow, correcting the pathogenic variation itself with CRISPR, and repopulating the bone marrow with the edited cells. 2, 4, 14 Given these preliminary results, clinical trials are soon expected. On 13 September 2018, the National Heart, Lung, and Blood Institute launched the Cure Sickle Cell Initiative to accelerate the development of the most promising geneticbased curative therapies. However, given the fraught history of the SCD community's medical marginalization, the community's views must be a central consideration if the goal is to deliver successful, socially responsible research and health care. [15] [16] [17] [18] Michie and Allyse, in their study of parents of children with Down syndrome, concluded that genome editing interventions cannot succeed without input and support from patient communities. 16 International policy positions have been enacted recommending stakeholder engagement, education, and bidirectional dialogue. 17, 19 "Publics must not only be asked to engage in the discussion, but they should also be given proper information and education regarding the known facts, as well as the uncertainties regarding the use of gene editing in research and in the clinic." 17 To this end, we sought to capture the perspectives of key stakeholders in the SCD community towards CRISPRmediated somatic genome editing.
MATERIALS AND METHODS

Recruitment
Participants were recruited through collaborations with hematologists, community-based SCD organizations, and at national SCD conferences. Inclusion was limited to Englishspeaking adults. Eligible patients were required to have a diagnosis of SCD; parents had to have at least one child, pediatric or adult, diagnosed with SCD; and hematologists must have delivered care to at least five individuals living with SCD, pediatric or adult, for a minimum of 12 months.
Study design
Fifteen focus groups were conducted in the Southern and Mid-Atlantic regions of the United States between April 2017 and December 2017; these included six patient groups, six parent groups, and three physician groups (see Table S1 ). After providing informed consent and demographic data ( Table 1) , participants viewed a short educational video. The objective of the video was to provide participants with baseline scientific information about somatic genome editing and its potential use for SCD. The content of the video was reviewed by genomic researchers, genomic education specialists, and a science writer. Participants then answered survey questions related to genome editing and participation in future clinical trials. Focus group discussions followed. Trained moderators (A.P. and V.L.B.) led groups using a discussion guide, while another team member observed and took notes. Focus group questions were initially developed from topics identified through literature review and discussion. These questions were refined after the first three pilot groups. Each participant received a $75 gift card for their participation. This study was reviewed and approved by the Institutional Review Board at the National Human Genome Research Institute (NCT03167450).
Analysis
Debriefing sessions followed each focus group (A.P. and V.L.B.). An a priori list of codes, based on the focus group questions, was developed. These initial codes were modified, and other codes were added as needed to best capture the focus group data. Each code was defined. The interactions between participants and differences in opinion throughout the discussion topics were captured. Transcripts were independently reviewed by A.P. and S.D. using the qualitative analytic software NVIVO 11. Textual data were categorized Yes n/a n/a 11 (48) No n/a n/a 11 (48) PI or investigator b Yes n/a n/a 16 (70) No n/a n/a 7 (30) PI principal investigator, SCD sickle cell disease. a Missing demographic data for one parent. b Represents physician participants who report previously having been, or currently being, the principal investigator (PI) or investigator of a clinical trial.
using conventional content analysis techniques, as described by Shannon and Hsieh. 20 Coded transcripts were compared, discrepancies were discussed, and intercoder reliability metrics were calculated. Discrepancies were resolved by reexamining the context of the quote within the transcript and returning to the original definitions assigned to the codes. The final kappa coefficient averaged 0.82, and percentage agreement scores of >90% were reached across all transcripts. Descriptive statistics were calculated for demographic variables and item-level attitudes toward genome editing and clinical trials.
RESULTS
Forty-six patients, 41 parents, and 23 hematologists participated in the study. Average age was 37.8 ± 12.6, 54.3 ± 9.6, and 53.6 ± 16, respectively. The majority of patients (88%) and parents (85%) self-identified as African American and/or Black. Forty-three percent of patients reported previous participation in clinical trials. Seventy percent of hematologists reported having previously conducted SCD research (See Table 1 ). Four broad themes emerged from this work: (1) factors influencing one's decision to participate, (2) information requirements for decision, (3) groups of individuals patients and parents would solicit guidance from, and (4) advice to the research community on meaningful engagement.
Decisional factors Motivators
All three stakeholder groups were hopeful that gene editing could provide the overdue, impactful treatment for SCD many have been waiting for, often referencing the lack of treatments available compared with other diseases. Patients and parents discussed willingness to support future CRISPR-based clinical trials if suffering and social isolation are attenuated as a result (See Table 2) :
"With me sitting here in pain right now…if there's something that can be done to heal that, then I'm for it" (Patient). "I'm very optimistic. It's another possible option for sickle cell patients and unfortunately we don't have many" (Patient). Parents described the frustrating experience of seeing their children in pain, and feeling helpless to reduce the disease's burden. Other patients and parents mentioned wishing they could have foreseen the toll SCD would take, or been given predictions of the trajectory of the disease's severity:
"She can hardly breathe…the quality of life is just so horrible for them, and we have no control over it. As parents, we always want to fix things for our children, and we can't…all I could do was get in bed with her, and hold her hand…and she's 35" (Parent). "My son, he's had five strokes…. As a young mother, would I have considered? Probably, if someone would have said that your child might avoid having strokes" (Parent).
For many patients, altruism was a salient motivator (see Table 2 ). Some were driven by the possibility that their participation could help family members living with the disease.
Others saw participating as a way to promote social justice and support the SCD community at large. They felt participating might help reverse the lack of attention given to SCD, and encourage a more equitable distribution of resulting therapies:
"Because it's a minority illness, it doesn't get the consideration that it should. So, I would like to participate just so I can help somebody who's coming behind me not to have it" (Patient).
Of patients reporting prior participation in clinical trials, 65% cited "helping others" as a primary incentive (see Table S2 ). In addition, 97% of patients indicated they would participate in a future CRISPR-based clinical trial to help other patients with SCD. Seventy-five percent said they would do so "for the sake of loved ones" (see Table 3 ).
Altruism surfaced far less among parents and was completely absent among physicians. Five times the number of parents and physicians cited lack of direct benefit to child or patient as a barrier compared with patients (see Table 3 ). However, while many parents viewed their child's best interests as the main priority and expressed ambivalence over their child's prospective involvement, a few recognized the value of research participation in accelerating treatment development and said they would let their child participate.
The perceived shortcomings of existing treatments, especially bone marrow transplantation (BMT), comprised another motivating factor (see Table 2 ):
"By age 10, I was in the hospital once a month. If I was given that decision, I probably would have said, 'Mom, let's do it', but unfortunately, I was so unhealthy that I couldn't go through with BMT" (Patient). "I can only speak for my one. There's times where he's just tired of taking pills…you got to take [it] every single morning, every single day" (Parent). "Is it like transplant and afterwards I have to take these pills the rest of my life?" (Patient).
Lastly, in two physician focus groups, there was mention of patients and parents being increasingly aware of, and willing to try, experimental treatments:
"They are wanting to know what the latest thing is-why can't I have it? where are the trials?" (Physician)
Deterrents
Fear of participation stemmed from uncertainty about potential complications, the "editing genes" aspect of the CRISPR system, and the permanency of doing so (see Table 2 ). All three stakeholder groups were concerned about the unknown long-term effects of gene editing, a theme that surfaced in 12 of the 15 focus groups. Fifty-six percent of patients and 68% of parents cited "I don't want to mess with [my/my child's/my patient's] genes" as a strong or moderate reason against participation, compared with 24% of physicians (see Table 3 ). Other patients and parents expressed anxiety over the possibility of exchanging one condition for another:
"Why is it so permanent? Once the DNA is cut and made, it can't be undone, so that concerns me as well" (Patient). "Families are going to ask…I know many of us have been in the situation where we are talking about transplant and cure, one of the things that you have to discuss, because I don't think it is intuitive, is that you will still have the ability to pass on the sickle gene." (Physician) "The other thing that concerns me is that this just fixes the problem for the patient now. What happens when my son has a son, the future generations… I would like to see something that maybe is permanent…" (Parent)
"Would you be able to have another child with someone who has sickle cell. Like will this change that? Would Parents were afraid to make a decision that could potentially exacerbate their child's disease severity. Issues around fertility and inheritance were raised. While these concerns surfaced among parents, they were absent from patient groups. Several parents wanted to avoid treatments that could limit their children's reproductive viability, and a few were worried about possibly violating the fidelity of one's family line. Because I feel like we're kind of-we're playing with God so-to-speak." (Parent) "Are they going to be connected to me…as with my DNA? Are they going to be connected to my mother…and her mother and all of that?" (Parent)
The continued ability to pass down SCD was deemed a downside of somatic gene editing among patients and parents (see Table 2 ). Several participants asked about the complete eradication of SCD, mentioning the psychosocial implications of doing so, such as easier family planning. Physicians predicted this question and felt it was important to convey that somatic gene editing would not achieve this end.
All stakeholder groups noted the potential burden of trial involvement (see Table 2 ). These included questions regarding how many school days their child might miss, time off from work needed, possible relocation, the extent of followup, the length and nature of the recovery process, and its impact on family dynamics:
"We were considering a clinical trial and we had to go to Augusta and be there for two weeks, three weeks…that's a lot. That's a sacrifice to your family" (Parent).
Many patients and parents also expressed apprehension around the research enterprise's trustworthiness and transparency (see Table 2 ). However, a few expressed confidence in the research process and regulatory bodies governing the enterprise. Several participants remarked that distrust could be mitigated by hearing from researchers who have committed their lives to helping those with SCD:
"I want to make sure that you don't do this overnight just to get funding and put your name on something" (Patient). "I'm going to accept it more if it's coming from my community…it has to be somebody who has been working to better this community before gene editing was a possibility" (Patient).
All three stakeholder groups worried about who would ultimately benefit (see Table 2 ). Many believed cost would be an issue in the future, and that those with the greatest need would have the least access:
"Are [we] going to be used to get whatever information…and then somebody else benefits from it [who] doesn't even have the same disease?" (Patient).
Mediators
Religious beliefs, arising in eight groups, influenced decisionmaking in polarizing ways (see Table 2 ). Some participants viewed gene editing as "playing God" and inappropriately crossing a line, regardless of the goal, while others perceived it as a gift given by God to provide relief:
"From a spiritual perspective, I really disagree with it. At a DNA level, that's how God intended you to be" (Patient). "I am fully supportive of using what God has given us to make our lives better" (Patient).
In 14 groups, the patient's stage of life and capacity to manage the disease's severity arose as another mediator (see Table 2 ):
"…in my 20s, it was hard. I think that if this came up in my 20s, my husband and I would have said 'well maybe let's try it'. I've been dealing with this for 45 years. I can deal with it for 45 more" (Patient).
Information needed to make decision
In addition to knowing the risks and benefits, participants cited three types of information pertinent to decision-making: clear specifics of the procedure and clinical expectations, interpretation of interpatient variation, and the track record of the research (see Table 2 ).
Patients and parents wanted to better understand the "cutting" and "repairing" aspects of CRISPR, details on the procedure itself, and contingency plans in the event the treatment goes awry. For many, reduction of pain was the central consideration. Others, however, inquired about improvements in other SCD comorbidities:
"And for those groups who have chronic iron overload, would that help us with our liver problems, would it help us with our avascular necrosis?" (Patient).
Physicians were particularly concerned by drawbacks of the procedure and urged communication of the limitations of gene editing:
"We change the genes in one of these patients, so they won't have crisis but they've still got liver malfunction…all that stuff is still going to be there…. So, it's not magic" (Physician).
All stakeholder groups wanted more details about the research supporting this type of treatment. Participants were interested in the length of the experiments, the duration of therapeutic effects, instances and causes of failures, on whom or what the experiments have been performed, and percentages of adverse events and successes:
"Show me every animal that died and why" (Patient). "I need to see that the red blood cells don't go back to sickling…. Is it for a year and then it goes back?" (Patient). "Where are the current numbers on clipping [editing DNA] in the wrong place?" (Parent).
Lastly, participants asked how researchers are approaching the heterogeneity of the SCD population and determining eligibility criteria. All stakeholder groups thought it was important to determine conditions and critical windows for maximal effectiveness:
"Are success rates different for the different types of sickle cell?" (Patient). "Is this treatment going to be the last resort, everything failed, or would it be first resort, before anything wrong goes on?" (Physician).
Seeking guidance
Patients and parents cited five groups of people to consult before deciding to participate in clinical gene editing research: physicians, family members, other individuals with SCD who have previously participated in research, researchers, and religious leaders and/or God. Among potential advisors, trusted physicians with whom a long-standing, trusting relationship exists were identified as the group most patients and parents would consult. One parent, discussing his child's physician, remarked:
"I think that relationships are extremely important, and when you build that trust with someone, they could tell you to ride this rocket ship to the moon, and you believe that they have your child's best interests at heart" (Parent).
In addition, survey data revealed one-third of patients and parents previously participated in clinical trial research upon physician recommendation (see Table S2 ). Researchers, on the other hand, were least likely to be consulted. Patients and parents mentioned wanting to consult their physician two and a half more times across focus groups than they referenced research personnel:
"But you have people who did research and don't want to give you the information. They just want you to participate" (Patient).
Recommendations for meaningful engagement
Each focus group was given an opportunity to leave the research community with some last thoughts on how to move forward (see Table 4 ). First, emphasis was placed on reaching out to the community to raise awareness and build credibility. Participants particularly stressed doing this sooner, rather than later. Many questioned why they were only hearing of CRISPR for the first time when the research has been ongoing for several years:
"Before you start saying, hey we've got this. Let me try this. Get the name out there more. Go to colleges, schools, urban communities, centers…." (Patient).
Across all groups, participants repeatedly mentioned giving SCD patients, parents, and advocates the chance to be actively involved throughout the entire research process; avoiding a one-size-fits-all approach, noting differences in culture and attitudes; and investing time to understand the lived experiences of SCD patients:
"I would want them to remember that they are doing this for real, live humans…these people have lives, families, and that this research should be conducted with care and consideration of those trying to benefit" (Patient). "I would say to listen. Don't just ask us for opinions." (Parent).
Patients and parents also wanted open access to information and complete transparency in the way this information is communicated. Patients, parents, and physicians urged that information be relayed through common communication modalities, specifically news channels, social media, talk shows, and other frequently used information distribution platforms:
"It should perhaps be set up a little bit different than what scientific communications have been before, which is all through these kinds of channels or journals or NYT science page. It should be on the talk shows and on more ordinary communication" (Physician). "Present it in a presentation just like it was presented to us…on a ground-level understanding" (Patient).
Finally, many participants noted injustice, often citing greater support given to other diseases with far lower rates of incidence. All stakeholder groups urged the research community to develop policies that promote equitable resource allocation and long-term access to novel treatments:
"To have the sickle cell population move this forward and then not have this available for them equally, would be extremely traumatic to the community" (Physician).
Physicians particularly stressed presenting the range of therapeutic options available both within and outside of the gene editing realm, as a way of avoiding inadvertent coercion and prioritizing patient interests. Emphasis was placed on clearly explaining the purpose of phase 1 clinical trials, and all possible implications of participation. Lastly, participants urged researchers to act in a manner sensitive to the fraught past between this patient community and the research enterprise:
"I think it is really important to also discuss what other cures or therapies may or may not be available…." (Physician). "I feel like we have one shot with this community. If things wane Keep all aspects of the approach patient-and community-centric "We need a seat at the table. When this clinical trial is going on and you've got the researchers setting up protocols, setting up how it is going to work-advocacy, CBO…people that have sickle cell, need to be involved in every aspect of the trial." (Patient) "I think for me the education component of it is really big. Everybody who has sickle cell knows somebody with sickle cell…. The more educated we are, the more powerful we become. And then we don't have to worry about our community being underserved because they'll be able to advocate for themselves…." (Parent) "One of the things I am working with in utero stem cell transplantation for SCD is going back to that community and saying, what is your understanding of IVF, PGD? Of stem cell transplants? And really trying to address, not just the barriers, but the opportunity-let's do it the right way. Let us understand the population that we are trying to help a little bit better by figuring out how we can best prepare them." (Physician) Dedicate resources to SCD because this disease has not received the attention it deserves "I would say don't mess it up…if you are really talking about it impacting the sickle cell population, you have to be very careful that the other rare diseases that have more resources don't take it over and the sickle cell population gets left in the dust. Because they have been left in the dust with so many other things that they already are skeptics." (Physician) "Dedicate the resources because we as a community deserve it. Sickle cell should be the first…. No excuses. We don't have treatments." (Parent) Be trustworthy, transparent, and provide easy access to clear information "Make it accessible. Not so hidden that you have to go through hoops and back doors to find it because oftentimes that is a problem. We know the research is out there. We know the information is out there. But accessing that information is sometimes very, very difficult." (Parent) "I would just want them to keep us in the loop, like, really. With the good and the bad." (Patient) CBO Community Based Organzation, IVF in vitro fertilization, PGD preimplantation genetic diagnosis, SCD sickle cell disease. and we can't maintain whatever is the production of the cure, then will they have something else that they can move forward with?" (Physician).
DISCUSSION
As the voices of disease communities grow louder and clinical trial development continues onward, the needs of the patients and families whose lives are likely to be altered by these new interventions must be prioritized. 19 To our knowledge, this is the first study investigating SCD stakeholder views on somatic genome editing.
Despite long-standing claims that racial and ethnic minorities are less inclined to participate in clinical research, many participants in our study expressed excitement over this potential new treatment modality, but had needs and concerns they wanted addressed. An increasing number of studies suggest minorities are as willing as non-Hispanic whites to participate in clinical research. [21] [22] [23] [24] Research has shown there may even be an overrepresentation of minority communities in early phase clinical trials, when direct benefit is less likely. 21 Physicians in our study also remarked that patients and parents in the SCD community often come to them seeking information about new experimental treatments. In 2014, Haywood and colleagues reported highly positive attitudes toward clinical trials among adults with SCD, with important facilitators being education, prior research participation, and perception of greater potential benefits. 24 This study demonstrates a similar position towards somatic genome editing. Together, the mounting evidence against traditional theories of unwillingness to participate in clinical trials warrants a more nuanced examination of the barriers impeding enrollment. 25, 26 Patients, parents, and physicians also expressed fear of community exclusion from the long-term benefits of research. There was a pervasive concern that SCD patients might be used to help validate and improve the tool's utility, after which profitbased incentives and efforts to treat other diseases would overshadow those who risked their lives to make these therapies a reality. Participants were also dissatisfied with how little they knew about gene editing prior to this study and felt that it was a key example of a gap needing attention. They proposed mechanisms of meaningful engagement they believed would be effective in building trust and increasing participation. These include partnering with advocacy organizations and trusted physicians and/or researchers, providing opportunities for patients and advocates to be actively involved, disseminating information about the current status of research via communication platforms frequently accessed by the community, and designing and supporting initiatives that promote the SCD community's welfare. In an attempt to heed this advice ourselves, we have returned to the community and presented our findings since the conclusion of the study.
Our study also demonstrated that physicians were the group most participants would seek counsel from when deciding whether to participate in a CRISPR-based clinical trial. While patients and parents have often recounted bad experiences with clinicians in the emergency department, many mentioned having excellent, long-standing relationships with their hematologists. This suggests researchers should forge collaborations with these trusted physicians, be prepared to address their concerns, and work with them to better understand patient needs and establish rapport. [27] [28] [29] This study had several limitations. First, 32% of patients and parents who self-identified as Black or African American reported some degree of college education. National census statistics estimate 8% of individuals with similar racial/ethnic backgrounds have obtained this level of education. 30 Furthermore, most participants reported advocacy group engagement, which may not reflect the average SCD patient or parent. Our study population also appeared to be more actively involved in clinical trial research compared with the general SCD population, with 65% of our patients reporting having previously participated in a clinical trial. These attributes may restrict the generalizability of our findings to the broader SCD population. However, the research-engaged patient population are the patients more likely to participate in phase 1 gene editing clinical trials. Lastly, while the ability to draw conclusions from the quantitative data was limited by the small sample size, this data nevertheless informed and complemented focus group results.
The search for curative treatments using gene editing has renewed hope across the SCD community, providing a glimpse of a future with less pain, stigma, and neglect. However, there are cautionary, apprehensive undertones to this hope, partially due to the medical disenfranchisement of the SCD community. Using insights gained from this study and subsequent studies to inform the design and conduct of clinical trials will be crucial, especially with respect to consent and engagement. This exploration of SCD stakeholder views may also serve as a model through which to approach and understand the values of other patient communities, particularly those for whom CRISPR applications are currently being explored.
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